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From State of the art to 
… lightweight concept? 

1999, CHANDRA telescope 
Super-polished Zerodur mirror shells:  
THICK (35mm) and FEW (4) 
Area = 1100cm^2  
MaxDiam = 120cm 
HEW = 0.5’’  
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reflector, it has been used as reflector in the x-ray telescope realized up today by 
nickel electroforming replica. However, after the shell production, it is possible to 
deposit other materials, like multilayer coating. The optics of XMM (Lumb, 1996), 
Beppo-SAX (Citterio, 1986) and SWIFT/XRT (Citterio, 1996), has been successfully 
realized with this technique  (angular resolutions of the order of 15-20 arcsec).  
In the Epoxy replication method, a mandrel and a shell carrier, made of low-density 
ceramic materials like silicon carbide or alumina, are nested and the gap between the 
two is filled with an epoxy resin. The carrier is then separated as in the case of nickel 
optics (Citterio, 1997) (Ghigo, 1999). The technique has been proposed for the 
realization of the WFXT telescope. The realized SiC shell has a diameter of 600 mm, a 
height of 200 mm and a thickness of 2 mm. It was tested both at Panter and at the X-
ray Calibration Facility (XRCF) obtaining an almost constant HEW of 10 arcsec at 
0.108 keV on all the field of view up to 30 arcmin out of axis, indicating the possibility 
to meet WFXT requirements. The technique has been proposed for the realization of 
the WFXT telescope.  
The mirrors can manufactured shaping the mirror substrate. Quartz has been 
employed for the Einstein telescope, Zerodur for ROSAT and Chandra: these 
materials have extremely low CTE and are relatively low density. The mirrors inner 
surfaces are polished by lapping them with ultrathin alumina powders, reaching a few 
angstrom of micro roughness rms. Then a thin (100Å) reflecting layer is deposited 
onto the super-polished surface. The hyperboloid and the paraboloid are separately 
ground and figured by high precision machine and then integrated together. With 
this  super polishing technique, exceptional angular resolution have been achieved 
(less than 1 arcsec for Chandra). As back draw, they are expensive, not suitable to 
repeatability and thick.  Due to the large reduction of the effective area, this 
technique is suitable for large missions focused on the imaging quality more than the 
effective area.  
 

  
Fig 2-12: On the left, prototypal shell realized in SiC by epoxy replication technique. On the right, One of the 

four Chandra monolithic mirrors during a phase of the integration. 

 
 

Tab 2-1: Summary of the actual mission performances in relation to their manufacturing concept 

 Resolution 
(HEW) 

Max 
Diameter 

Manufact. 
Technique 

Shell 
Thickness 

Weight Collecting 
Area 

Einstein 4’’ 58cm Direct 
Polishing 

20mm  350 cm2 

ROSAT 3’’ 83.5cm Direct 
Polishing 

16-25mm  1100 cm2 

Chandra 0.5’’ 120cm Direct 
Polishing 

35mm  1100 cm2 

BeppoSAX 60’ 16.2 Replica 0.2-0.4mm  123 cm2 
XMM-
Newton 

15’ 70cm Replica 0.47-1.1mm  2000 cm2 

ASCA 200’’ 35cm Thin foils 0.125mm  410 cm2 
Suzaku 100’’ 40cm Thin foils 0.155mm  580 cm2 
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‘‘High resolution’’ optics @INAF-OAB 
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SiC monolithic shell, 
Replica process 
Ghigo et al. (1999) 

Fused silica monolithic shell, 
Direct polishing 
Civitani et al. (2012) 
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Development program founded by 
ASI (Italian Space Agency) 

Proposal approved by ASI (first ranked, after peer review 
by external referees) in the context of the last Call on new 
Technologies. KOM meeting March 2016  
(INAF/Brera + POLIMI) 
 
TWO TASKS: 
•   development of high throughput X-ray  optics based on 

“cold” slumping of thin glass foils (M. Civitani et al. 2015, 
Basso et al. 2016) 

•  DEVELOPMENT OF HIGH PRESION OPTICS FOR 
“BEYOND CHANDRA” programs è X-Ray Surveyor 

  



•  Shell design 
•  Tolerance analysis 
•  Material selection  
•  Process overview  
•  Development status & preliminary results  
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Presentation summary 
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Full optic  

Focal Lenght = 
10m 
Shell Lenght = 
500+500 mm 
Thickness range = 
2-4mm  
Wolter-I design 
 
à  Around 110 

shells  

(see next 
presentation for 
structural 
considerations) 

Shell under 
development 
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Prototypal shell manufacturing 
program 

Realized 
Prototype 
Shell#7 

New 
Prototype 
Shell#4 

5000mm 5000mm 

487mm 487mm 

2mm 2mm 

200mm 270mm 

Polynomial Wolter 

1.369kg 1.8kg 

10’’ (5’’ goal) 2’’ (1’’goal) 
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Tolerances analysis  
•  Conical error can be compensated 

during integration, 10’’ 
compatible. 

   
•  For out of roundness, HEW 

depends on the in-phase/out-of-
phase configuration, less than 
400nm PtV to be sure.  

•  The first order curvature 
amplitude less than 100nm.  

•  Figure errors with rms around 
15nm rsm are compatible. 

•  Surface micro-roughness below 
0.5nm rms.  

Kick  
angle 

PSD 
Slope 1 

PSD 
Slope 2 

H
E

W
 

Rms (nm) 
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Materials: Fused silica  

Glass 
263 

Eagle 
Glass 

Silicon Fused 
Silica 

Density 
(g/cm3) 

2.51 2.38  
 

2.33 2.2 

Thermal 
Conductivity 
(W m-1 K-1)  

 
0.8 

 
1.09  

 

 
148 

 
1.37 

CTE (10-6 K-1) 
at 300 K  

6.3 3.17 2.6 0.58 

Young 
Modulus 
(GPa)  

72 73.6 150 73 

•  Low thermal 
expansion 

•  Excellent material for 
figuring, polishing 
and ion-beam 
correction 
(completely 
amorphous!) 

•  Space compliant 
(SiO2 also used for 
Einstein shells) 

•  Available on large 
size formats 

•  Low stress 
•   Possible “near net 

shaping” before 
polishing 
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Raw shell procurement 
Heraeus Quarzglas (Germany)  
 
NOW 
•  Raw material:  high purity 

Quartz (HSQ300)  

•  Tube diameters: 2 – 1000 mm 

•  Wall thickness: 0.5 – 13 mm 

•  Close to the double conical 
shape with raw grinding. 

 
NEXT:  
•  Close to the double conical 

shape with hot-slumping!!! 

•  Bigger tubes are 
techonologically possible  
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Starting point: Raw grinded fused 
silica shells (from HERAEUS) 

•  Rough surface 
after raw 
grinding: 
around 0.7-1.2 
micron rms.  

•  OOR (on astatic 
support) errors 
depends on the 
shell: typical 
range is 
5-50microns 
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How to handle a thin & short glass 
shell: the Shell Supporting System  

- Temperature 
effects 
-  Gravity effects 
- Integration errors 

Shell Support System (SSS) 
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Gravity & thermal effects 

PtoV    = 2.2 µm 
HEW    = 0.14 arcsec 

PtoV    = 22.9 µm (*) 
HEW    = 0.15 arcsec 
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Credits BCV 

PtoV    = 0.04 µm(*) 
HEW    = 0.14 arcsec 
(*) uniform  expansion 

PtoV    = 1.53 µm 
HEW    = 0.16 arcsec 
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An almost complete manufacturing-
integration sequence (FEA) 

Contribution to the error budget HEW Worst 
case 

[arcsec] 

HEW Best 
case 

[arcsec] 

Axial gravity release 
+ shrigake   
+ DT  (100Micron) 
+ SSS interface tolerances 

 
0.56 

 
0.56 

Axial gravity release  
+ shrinkage  
+ DT  (100Micron) 
+ SSS interface  
+ Lateral gravity (= test on 
ground) 

 
 

0.92 

 
 

0.69 
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Integration of shell#7 into the SSS 
@INAF/OAB 

Up-grade of the process to limit 
the deformations introduced with 

the operations 
 

Very good initial OOR 
(<20microns)  
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Thin shell integrated in the SSS 

Thickness: 
2mm 

Length:  
100mm+100mm 

Radius:  
243.25 mm 

Machining/
metrology/
calibration 
Can be managed in 
horizontal position 
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Fine grinding [@LT-Ultra] 
Objectives: 
 
-  OOR correction 
-  Low frequency 

profiles correction 
 

Grinding wheels with 
different grain size 
available: D30, D20, D5, 
D3, D1 and D0.5 
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OOR correction with fine grinding 

The process has converged to OOR with PtV around 
1.5 microns  corresponding to HEW contribution 1.3’’ 
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OOR repeatability problem 

- In the present set-up, temperature effects limit the accuracy 
- Further corrections are needed with ION BEAM (target 500nm PtV) 
- Improvements in the SSS system: invar interface 
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New invar disk in the SSS 

 

5 
Ing. Giancarlo Parodi 

Via Rembrandt 27 – 20147 Milano 

 

1 Preliminaries 
 
Handling, grinding, polishing, metrology, coating,  optical tests and integration operation  of  thin quartz 
Mirror  Shells  [MS]  are  carried  out  with  the  MS  fixed  to  a  proper  supporting  jig    called  “Shell  Supporting  
Structure”  (SSS). 
The SSS  is composed of two rings made of glass that allocate three couples of metallic inserts (120° spaced 
in azimuth). One insert of each couple is used to connect the two glass rings through metallic bars; the other 
inserts are used for the interface with a spoke wheel which, during grinding and polishing, is connected by 
screws to the lathe. The shell is connected  to the two glass rings through a metallic thin  “comb”,  realizing a 
radial flexure at the connection between the mirror shells and SSS.  
 

 
Figure 1 – Assembly composed by Mirror Shell + Shell Supporting Structure + Spacers + Invar Spoke Wheel 
 
As we said the glass ring at ØMIN side is connected  by means of 3 cylindrical stainless steel spacers to an 
Invar 36 spoke wheel  [ISW], which in turn is connected to the lathe by 8 screws M8, equally spaced along a 
circular ring 200mm diameter. 
 
Just now in place of the ISW a solid aluminum disc 60mm thick was used. The solid Al disc has some 
advantages vs. ISW (under the same mass) in terms of stiffness but it has large CTE.  
Since the environmental temperature during grinding and polishing activities could have few degrees 
variations, it has been proposed to substitute the Al disc by the IWS, to reduce the risk of thermal distortions 
in the system. 
 
The present report is mainly devoted to the ISW design and analysis. 
One constraint of the ISW design is represented by the maximum allowable mass and maximum CG offset 
respect to the lathe interface. 

-  Interface compatible with the lathe set-up 
-  To remain part of the SSS + shell system during the polishing phases/

ion beam figuring  
-  To remain part of the SSS + shell system during calibration @Panter 

è Never dismount up to integration of the shell in the final spider 
system:  
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Super-polishing (@Zeeko Ltd) 

Objectives: 
- SSD removal 
- Low frequencies profile & 
OOR correction 
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Super-polishing (@Zeeko Ltd) 

-90 -80 -70 -60 -50 -40 -30 -20 -10
-500

-400

-300

-200

-100

0

100

200

300

400

500

Optical axis [mm]

[n
m

]

Hyp: residual filtered evolution292.5°

 

 
Run_7_MOD_3
RunHyp_30_Pitch_100mm_CR125

PtV =12nm 
Sa=1 nm 

RT of the data: 
Low freqency: HEW = 6’’ 
Low + mid frequency: HEW =14’’ 
à Too much !!!  

Objectives: 
- mid-frequency removal 
- Micro-roughness correction 
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New process flow 

The first part is the same, up to fine grinding  
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Polishing phase: on the lathe 

-  Expected errors after the grinding are of the order microns 
-  Micro-roughness around 50 nm rms (1mm scale) 
-  Max force 1kg (the shell is thin !!!) 
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Roughness 
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dZ(x) = R_preston * P(x) * Vel(x) * dt(x) 

How to  speed up (Preston law):  

On 17.5mm 
length 

Abrasive 
Pressure Velocity 

Time 
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New pitch tool and high speed 
carriage 

-  Pitch tool pad mounted on an air 
bearing carriage: NO FRICTION 

-  Magnets  @variable distance: 
ADJUSTABLE FORCE 

-  Linear carriage: HIGH 
FREQUENCY MOVEMENTS 
(15Hz on 2mm) 

11

www.sinadrives.com
info@sinadrives.com

MLE 50400 MLE 50800 MLE 51000 MLE 51200 MLE 51600

S R S R S R S R S R

   Carriage length C, mm 212 284 284 334 334 376 376 508 508 570

Length, mm Code Stroke (2)

462 00462 156 84 84 34 34 - - - - -

558 00558 252 180 180 130 130 88 88 - - -

654 00654 348 276 276 226 226 184 184 52 52 -

750 00750 444 372 372 322 322 280 280 148 148 86

846 00846 540 468 468 418 418 376 376 244 244 182

942 00942 636 564 564 514 514 472 472 340 340 278

1038 01038 732 660 660 610 610 568 568 436 436 374

1134 01134 828 756 756 706 706 664 664 532 532 470

1230 01230 924 852 852 802 802 760 760 628 628 566

1326 01326 1020 948 948 898 898 856 856 724 724 662

1422 01422 1116 1044 1044 994 994 952 952 820 820 758

1518 01518 1212 1140 1140 1090 1090 1048 1048 916 916 854

1614 01614 1308 1236 1236 1186 1186 1144 1144 1012 1012 950

1710 01710 1404 1332 1332 1282 1282 1240 1240 1108 1108 1046

1806 01806 1500 1428 1428 1378 1378 1336 1336 1204 1204 1142

1902 01902 1596 1524 1524 1474 1474 1432 1432 1300 1300 1238

1998 01998 1692 1620 1620 1570 1570 1528 1528 1396 1396 1334

2094 02094 1788 1716 1716 1666 1666 1624 1624 1492 1492 1430

2382 02382 2076 2004 2004 1954 1954 1912 1912 1780 1780 1718

2670 02670 2364 2292 2292 2242 2242 2200 2200 2068 2068 2006

2958 02958 2652 2580 2580 2530 2530 2488 2488 2356 2356 2294

3246 03246 2940 2868 2868 2818 2818 2776 2776 2644 2644 2582

3534 03534 3228 3156 3156 3106 3106 3064 3064 2932 2932 2870

3630 03630 3324 3252 3252 3202 3202 3160 3160 3028 3028 2966

Choice of stroke

2) Other stroke lengths are available upon request.

Drawing only for reference.
Please ask for ready 3D files.

Dimensions MLE 5
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Polishing with Trizact (3M) 

Advantages: 
-  Speed up polishing phase 
-  No slurry (simpler shell 

cleaning procedure) 
-  Deterministic (pad surface 

status Vs expected results)  
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Polishing trials on samples 
CHARACTERIZATION: 
-  Removal rate 
-  Micro-roughness 

evolution 
 
OPTIMIZATION:  
-  Fixation set-up  
-  Pressure 
-  Amount of Water   
-  pH  
-  Pattern 
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Polishing trials with Trizact:  
micro-roughness 

Example of the micro-roughness evolution 
during polishing steps 
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Polishing trials with Trizact:  
shape 

Flat glass sample shape measured 
with interferometer 

-  The shape of the polished area changes is maintained within few 
hundreds  of nanometers. HEW variations within few arcsec.  

-  Pitch tool movements can be optimized to avoid undesired mid-
frequencies features 
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Main ingredient of the process: 
Ion beam figuring 

PRO:  
-  Deterministic process  
-  Non contact  
-  Micro-roughness 

preserved (or improved) 

AND… 

-  Very large facility  
already available @INAF-
OAB. Rotary table to be 
implemented 

After the surface is polished,  
to correct low frequency figure errors  
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Ion beam:  
expected results from simulation 

Ideally the Ion beam process is able to converge toward final rms of 
around 3nm, removing completelly low frequency errors in both 
longitudinal and azimuthal directions. (HEW <<1’’).  
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Important note:  
Micro-roughness Vs Ion Beam 

Wenlin Liao, Yifan Dai, Xuhui Xie, and Lin 
Zhou, Appl. Opt. 52, 3719-3725 (2013) 

Starting from fused silica sample 
With Rq = 0.45nm, for incidence 

angles lower than 20°, Rq is 0.2nm 
after the ion beam figuring.  
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Activities on Shell#4…  
were in ‘’stand-by’’  
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… just restarted!!! 

New invar 
interface 

New titanium 
Spacers 

Old shell !!! 
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With a good news: 
not to much deformed! 
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How much does it cost? 

Credits, CNN Money 

Current prototypal shell  
Material 
•  Raw shell: 6keuro 
•  Jig (SSS+Invar): 25keuro 
 
Time:  
•  Integration in SSS: 2weeks 
•  Grinding: 4 weeks 
•  Polishing: 4-8 weeks 
•  Ion Beam: 2 weeks 
 
For final shell 
•  Initial Chemical etching 
•  Coating 
•  Integration in the structure  
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Monolithic… or Segmented 

Main differences:  
- Substrates procurement 
- Supporting system 
- Direct polishing on Zeeko 
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Segments: substrates procurement 

 
– Segments grinding 
– Pre-shaping via slumping 
– Full monolithic shells grinding and then 

segments produced cutting  the shell  
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Segments: production flow (1/2) 
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Segments: production flow (2/2) 
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Status on segments 
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Segments on Zeeko 
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Ion beam exercise 

	
	

	
Expected	HEW	from	LTP	mid	freq.	errors	@	0.27	keV	
	
	 HEW	segm#1	 HEW	segm#2	 HEW	segm#3	 HEW	segm#4	
Hyp	X=0	 0.75		 0.60	 0.75	 0.75	
Hyp	X=+10mm	 0.75	 0.60	 0.60	 0.75	
Hyp	X=-10mm	 0.90	 0.75	 0.60	 0.60	
Par	X=0	 0.75	 7.5	 7.2	 0.75	
Par	X=+10mm	 4.0	 7.4	 1.2	 1.05	
Par	X=-10mm	 6.0	 1.1	 1.1	 0.90	
	

Simulated	IBF	on	segment	#4	
	
The	simulated	result	after	IBF	on	segment	#4	gives	HEW	of		1.2	arcsec	.	

	
	

	

Ion-beam correction of 
a previously polished 
segment (cut from a 
bonnet-polished WFXT 
mirror shell) 
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Conclusions 
•   A new process based on direct-polishing and ion-figuring 

correction of Fused Silica shells (or segments) is being set-up 
 
•   We aim to demonstrate that: 

à the Lynx angular resolution requirement can be achieve 
à the method can be used for the production of the Lynx mirrors 

•   Prototypal optics under development for X-ray tests in the next few 
months:  
à  Monolithic shell#4 grinding and polishing on the lathe will be 
completed by the end of June.  Intermediate x-ray calibration 
(before ion beam figuring) depending on the expected result in 
July. Ion beam figuring and final calibration before winter 2017. 

 
à Segmnents polishing and calibration before summer.   

 
 


